
I 

I NASA/TM-2003-2 12423 

An Analysis of Measured Pressure Signatures 
From Two Theory-Validation Low-Boom 
Models 

Robert J. Mack 
Langley Research Center, Hampton, Virginia 

October 2003 



The NASA STI Program Officc . . . in Profile 

Since its founding, NASA has been dedicated to the 
advancement of aeronautics and space science. Thc 
NASA Scientific and Technical Information (STI) 
Program Office plays a key part in helping NASA 
maintain this important role. 

The NASA STI Program Office is operated by 
Langley Research Center, the lead center for NASA’s 
scientific and technical information. The NASA STI 
Program Officc provides access to the NASA STI 
Database, the largest collection of aeronautical and 
space science STI in the world. The Program Office is 
also NASA’s institutional mechanism for 
disseminating the results of its research and 
development activities. These results are published by 
NASA in the NASA STI Report Series, which 
includes the following report types: 

0 TECHNICAL PUBLICATION. Reports of 
completed research or a major significant phase 
of research that present the results of NASA 
programs and include extensive data or 
theoretical analysis. Includes compilations of 
significant scientific and technical data and 
information deemed to be of continuing 
reference value. NASA counterpart of peer- 
reviewed formal professional papers, but having 
less stringent limitations on manuscript length 
and extent of graphic presentations. 

0 TECHNICAL MEMORANDUM. Scientific 
and technical findings that are preliminary or of 
specialized interest, e.g., quick release reports, 
working papers, and bibliographies that contain 
minimal annotation. Does not contain extensive 
analysis. 

CONTRACTOR REPORT. Scientific and 
technical findings by NASA-sponsored 
contractors and grantees. 

0 CONFERENCE PUBLICATION. Collected 
papers from scientific and technical 
conferences, symposia, seminars, or other 
meetings sponsored or co-sponsored by NASA. 

SPECIAL PUBLICATION. Scientific, 
technical, or historical information from NASA 
programs, projects, and missions, often 
concerned with subjects having substantial 
public interest. 

0 TECHNICAL TRANSLATION. English- 
language translations of foreign scientific and 
technical material pertinent to NASA’s mission. 

Specialized services that complement the STI 
Program Office’s diverse offerings include creating 
custom thesauri, building customized databases, 
organizing and publishing research results ... even 
providing videos. 

For more information about the NASA STI Program 
Office, see the following: 

0 Access the NASA STI Program Home Page at 
http://www. sti. n asa.go v 

0 E-mail your question via the Internet to 
help@sti.nasa.gov 

0 Fax your question to the NASA STI Help Desk 
at (301) 621-0134 

0 Phone the NASA STI Help Desk at 
(30 1) 62 1-0390 

Write to: 
NASA STI Help Desk 
NASA Center for Aerospace Information 
7121 Standard Drive 
Hanover, MD 2 1076- 1320 



NASA/TM-2003-2 12423 

An Analysis of Measured Pressure Signatures 
From Two Theory-Validation Low-Boom 
Models 

Robert J. Mack 
Langley Research Center, Hanzpton, Virginia 

National Aeronautics and 
Space Administration 

Langley Research Center 
Hampton, Virginia 2368 1-2 199 

1 October 2 003 



Available from: 

NASA Center for Aerospace Information (CASI) 
7 12 1 Standard Drive 
Hanover, MD 2 1076- 1320 
(301) 621-0390 

National Technical Information Service (NTIS) 
5285 Port Royal Road 

Springfield, VA 22 16 1-2 17 1 
(703) 605-6000 



Summary 

Two wing/fuselage/nacelle/fin concepts were designed using the sonic-boom minimization theory, the 
sonic-boom analysis methods, and the low-boom design methodology developed by the late 1980’s. This 
effort was made to check the validity and applicability of the latest sonic-boom design and analysis 
methods. Models of these concepts were built, and their pressure signatures were measured in the wind- 
tunnel. In this report, an analysis of these measured pressure signatures is presented and discussed. An 
analysis of the results of this test lead to three conclusions: ( 1 )  the existing methodology could adequately 
predict sonic-boom characteristics of wing/fuselage/fin(s) configurations if the equivalent area 
distributions of each component were smooth and continuous; (2) this methodology needed revision so 
the flow-field effects of engine-nacelle volume and the nacelle-wing interference lift disturbances could 
be accurately predicted; and (3) current nacelle-configuration integration methods had to be modified. 
With these changes implemented, the existing sonic-boom reduction or minimization methods could be 
effectively applied to supersonic-cruise concepts so they would generate acceptable/tolerable sonic-boom 
overpressures during cruise. 

Introduction 

By the close of the Supersonic Cruise Aircraft Research (SCAR) Program, considerable advancements 
had been made in the development of methods for low-boom design and sonic-boom analysis. These 
methods were based primarily on the sonic-boom propagation theories of Whitham and Walkden, along 
with the theoretical and experimental contributions from dozens of engineers and scientists. Whitham 
introduced a first-order method, reference 1, for predicting the far-field shock system generated by a body 
of revolution traveling at supersonic speed. Walkden extended the applicability of Whitham’s method to 
lifting wing/bodies by showing that in the far field, sonic boom disturbances from a lifting wing/body 
could be predicted as though they were generated by a body of revolution, reference 2. These two basic 
contributions made it possible to predict most of the sonic-boom characteristics of real aircraft in 
supersonic-cruise flight. 

L. B. Jones, reference 3, introduced a theory for minimizing the sonic-boom generated by a body of 
revolution which depended on localized nose blunting. The application of his theory reduced the far-field 
N-wave nose and tail shocks by minimizing the impulse (area under the positive section of the 
overpressure). Seebass and George, reference 4, extended Jones’ low-boom minimization so supersonic- 
cruise vehicles could generate shaped rather than N-wave minimum shock pressure signatures. They 
showed that these shaped pressure signatures could reduce the nose and tail shock strengths significantly 
even though some wave drag penalties were still present. Darden, reference 5 ,  changed the Seebass and 
George F-function nose-blunting from a delta-function to a slender triangular “spike”, and suggested that 
the wave drag of a wing-body configuration could be reduced with only a small increase in pressure 
signature shock strength. 

McLean, reference 6, addressed the question of how far below the aircraft the near-field pressure 
signature shape might persist through the atmosphere. He concluded that during the supersonic 
climb/acceleration segment of the mission, the aircraft’s pressure signature might retain many of its near- 
field non-N-wave characteristics if the configuration’s volume and lift distributions were appropriately 
tailored. 

Carlson et. al. extended McLean’s results further by incorporating low-boom technology into the 



designs 01’ some Supersonic Transport (SST) concepts, reference 7. He demonstrated that reductions were 
possible i n  the sonic boom generated during supersonic cruise. Similar studies, references 8 to 18, carried 
out concurrently with these minimization efforts, also showed that Whitham theory was capable of 
accurately predicting pressure signatures at mid-field as well as far-field distances. Under the impetus of 
these developments, the scope of sonic-boom theory and wind-tunnel-experiment studies moved from the 
far-field toward the near-field. Wind-tunnel models used in these new studies were larger and more 
complex, so it became possible to incorporate more accuracy and sophistication in the their components. 
Results from studies with these larger models, references 9, I O ,  13 and 15, demonstrated that, when 
judiciously-applied, Whitham-Walkden theory had useful prediction capabilities at low supersonic Mach 
numbers if the conceptual aircraft and their models were sufficiently thin and slender. 

Based on the successful results from this body of experimental data, five 1:600 scale wing-fuselage 
wind-tunnel models, reference 19, were designed with boom-minimization methodology applied to the 
combined volume and lift contributions. Two of these models were reference wing-body models, 4 to 5 
inches in length, while the other three, 6 inches in length, had wing-planforms and fuselages shaped for 
minimum sonic boom at Mach numbers of 1.50 and 2.70 . To keep design variables to a minimum, these 
configurations had no nacelles, fins, wing camber and twist, or fuselage camber. Their measured pressure 
signatures showed that at Mach 1.5, theory and experiment agreed reasonably well. However, at Mach 
2.7,  this good agreement was found only along the forward half of the model’s measured pressure 
signatures. In the subsequent analysis of the data, i t  was determined that part of this disagreement was 
caused by a linearized-theory method used for predicting the lift equivalent-area distributions. This need 
for a better wing-analysis and performance-prediction method led to the development of a modified- 
linearized-theory wing analysis code, reference 20 during the years following the wing-body model wind- 
tunnel tests. Since wing lift contributed significantly to sonic-boom noise, the addition of this improved 
wing analysis code to the existing array of  design and analysis codes increased the possibilities that 
credible low-sonic-boom SST concepts could be designed, and that accurate predictions of complete 
ground pressure signatures could be made. 

Although high-speed civil transport technology and sonic-boom research was gradually terminated 
between the late 1970’s and early 1980’s, defining and assessing the state of technology for solving the 
problems associated with commercial flight at supersonic cruise continued. Then, during the latter part of 
the 1980’s, technical interest in high-speed civil transports was revitalized. Existing sonic-boom methods 
for design and analysis were evaluated with the intent of become reacquainted with existing methodology. 
New models were designed and built to determine which techniques and methods would accurately 
predict the ground-level sonic boom disturbances generated by the proposed conceptual supersonic-cruise 
aircraft. 

In this report, measured pressure signatures generated by two wind-tunnel models of conceptual 
supersonic-cruise aircraft are presented and analyzed. Their configuration geometries, reference 2 1, were 
designed and tailored to assess the full capabilities of existing sonic-boom design methods, sonic-boom 
analysis methods, and low-boom minimization methods in use at the end of the 1980’s. These wind- 
tunnel models, built at a scale of 1 :300, were about 12 inches in length; large enough that the engine flow- 
field disturbances could be simulated by ducted nacelles. Conclusions from an analyses of the test data 
were used to assess the capabilities of the existing design, analysis, and minimization methodology and to 
suggest modifications where required. Since the two concepts and their design methodology could 
strongly influence the configuration geometries of subsequent low-boom supersonic-cruise concepts, full 
confidence in these design, analysis, and minimization methods was necessary. 
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Concept Design and Pressure-Signature Analysis 

Conceptual supersonic-cruise aircraft were designed with methods developed during the Supersonic 
Cruise Aircraft Transport (SCAT) program of the 1960’s to the 1980’s. Using these methods, equivalent 
areas were computed from the volume and lift contributions and then summed for the calculation of 
concept F-functions. Following these steps, the F-functions were used to predict ground pressure 
signatures. Sources of the volume contributions were the fuselage, the wing, the canard and/or horizontal 
tail, the fin, and the engine nacelles. Lift contributions came from the wing and the nacelle-wing 
interference lift. The equivalent areas of all components were assumed to be smooth and continuous. 
Curved wing leading edges, blended wing-fuselage junction, and subsonic wing and fin leading edges 
were features that met the continuous-area-growth criteria readily. Nacelles with inlets having very small 
lip angles, and small nacelle-wing interference-lift contributions were also believed to meet the smooth- 
area continuity criteria. 

Two aircraft concepts were designed in this theory-validation study. One concept had a design Mach 
number of 2.0 with a “flat top” along the positive-pressure section of the ground pressure signature. The 
other had a design Mach number of 3.0, and the positive-pressure section of its pressure signature had a 
“ramp” shape. Each concept was similar to those in a previous set, reference 19, in that it was a 
wing/fuselage configuration. They were different in that each of them had four engine nacelles under the 
wing, and a vertical fin on the aft fuselage. Nacelles were simulated by a body of revolution with a central 
constant-area duct. The wing of each model had a mild camber and twist distribution, and the leading 
edges were curved with the leading-edge sweep changing smoothly from root to tip. Dihedral was added 
to the wing so the effective and the total lifting length would stay about the same at cruise angle of attack. 
The fuselage center line was cambered to match the camber line of the wing root chord. Concept design 
merits were determined by comparison of ground pressure signatures predicted with methods and codes 
described in references 22 and 23 with ideal pressure signatures derived from equations given in 
references 4 and 5 .  In the following sections, each low-boom concept and model is discussed, and the data 
obtained from the model is presented and analyzed. 
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The Mach 2 Concept 

A three view of the Mach 2 theory-validation concept is shown in figure 1. 

160 
L 

------- _- - - -  I 

Figure 1. Three view of the Mach 2 theory-validation concept. 

In Appendix A, characteristic dimensions and the low-boom mission specifications of the Mach 2 theory- 
validation concept are listed. A numerical description of its geometry, in supersonic wave drag program 
format, reference 24, is presented in Appendix B. 

The wind-tunnel model of the concept was 12 inches in length, and had an integral sting/balance 
which extended from the aft fuselage, well behind the trailing edge of the wing. The wing leading edge 
began with a sharply-rounded apex which smoothly blended into a long, highly-swept strake. This strake 
gradually reduced in sweep, and merged with the outer wing panels which also had subsonic leading 
edges. Engine nacelles were mounted two to a side under the wing trailing edge. Two sets of nacelles 
were built for the Mach 2 model. One set was made from composite materials and had rounded and blunt 
inlet lips, while the other set was metal with sharp-edged inlet lips; a set shaped more like real engine 
nacelles. Pressure signatures, like that seen in figure 2, were measured from the model with sharp inlet lip 
metal nacelles. 
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Figure 2. Pressure signature from the Mach 2 model with sharp-lip metal nacelles. M = 2.0, h = 6 inches, and model 
was at cruise CL. 

Since the four nacelles had finite-sized inlet-lip angles and generated nacelle-wing interference lift, they 
were thought to be the cause of the sharp pressure spike seen aft of the nose shock. This hypothesis was 
verified by measuring a pressure signature, figure 3, with the nacelles off the model. 

x, in. 

Figure 3 .  Pressure signature from the Mach 2 model without nacelles. M = 2.0, h = 6 inches, and model was at 
cruise CL. 

Shocks are still seen aft of the nose shock and ahead of the expansion preceding the tail shock, but they 
are smaller and located in the region where the nacelles had been mounted. As the distance between 
model and survey probe increased, these disturbances attenuated, as seen in figure 4. 
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Figure 4. Pressure signature fiom the Mach 2 model without nacelles. M = 2.0, h = 12 inches, and model was at 
cruise CI . 

Two interesting features were noted on this near-field pressure signature. First, the shocks behind the nose 
shock and ahead of the expansion have noticeably attenuated with the attenuation of the in-between 
disturbances more noticeable than that of the nose shock. Second, these disturbances have remained 
stationary relative to the nose shock as the measurement distance increased from 6 to 12 inches. If an 
averaging line were drawn through the pressure points in figures 2 to 4, ignoring for a moment the 
prominent nacelle shock in figure 2, pressure signatures with almost “flat tops” would be seen with the 
mean pressure line lower in figure 4 than in figures 2 and 3. This suggested that the existing low-boom 
design method was applicable to components with smoothly-continuous equivalent areas. However, the 
ducted nacelles on the concept and model violated this criteria. This suggested that new methods needed 
to be developed so that nacelles could be properly integrated with other components and low boom 
overpressure constraints could be achieved. 

These pressure-signature shape trends were also seen in figure 5 ,  on one of three pressure signatures 
measured in an Ames Research Center facility. The pressure signature at a CL about 5.9 percent higher 
than cruise CL is shown because it was the closest to the design condition. 

-.030 
0 5 I O  15 20 

x. in. 

Figure 5 .  Pressure signature from the Mach 2 model without nacelles’. M = 2.0, h = 28 inches, and model was at 
CL = 0.072 (5.9 percent higher than the cruise CL). 

Note that the top of the pressure signature in figure 5 has become flatter as the separation distance has 
increased even though the model is carrying more lift than at cruise. Moreover, the pressure disturbances 
just ahead of the expansion to the tail shock have attenuated to where they are barely noticeable above the 
average positive overpressures. Thus, the shape along the positive pressure length of the signature is more 

I Pressure signature data courtesy of Joel Mendoza and Raymond Hicks of the Ames Research Center. 
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nearly the “flat-top’’ intended in the design process. This observation .reinforced the conclusion that low- 
boom design and analysis methods were applicable to supersonic-cruise vehicles. However, there was still 
a need for new nacelle integration methods. 

There were no pressure signatures measured at a separation distance of 28 inches from the Mach 2 
wind-tunnel model with sharp-lip metal nacelles, but there was one measured at this distance, figure 6, 
from the model with nacelles made of composite material. 

0 8 ‘6 24 32 
x, in. 

Figure 6. Pressure signature from the Mach 2 model with composite nacelles. M = 2.0, h = 28 inches, and model 
was at cruise CL. 

The signature in figure 6 is simpler in shape than the signature in figure 2 due to attenuation. As before, a 
prominent nacelle-induced shock is seen between the nose shock and the tail expansion, with the nacelle- 
induced shock about the same as the nose-shock in both figures. The nacelle-inlet shocks were probably 
attached to the inlet lips of the metal nacelles because their lip angle was only about 3 degrees; a 
prediction in accordance with constant-area duct theory which predicted no choking in the flow through 
these nacelles. With the composite material nacelles, the inlet shocks were detached because the inlet lips 
were rounded and blunt, and the internal diameter was reduced in order to maintain the external shape and 
size of the nacelles. However, both types of wind-tunnel-model nacelles, one with sharp inlet lips and 
ones with blunt inlet lips, would have generated the strong shocks readily observed on measured pressure 
signatures. 

For these reasons, it was concluded that these unforeseen disturbances on the desired flat-top pressure 
signatures were caused by nacelle volume and interference-lift effects. Nacelle-inlet lip shocks plus those 
reflected from the lower surface of the wing probably contributed at least half the strength of the observed 
shock strength; the growth of nacelle-wing interference lift on the lower surface of the wing probably 
caused the other half. All of these individual disturbances coalesced to form the large shocks observed in 
figures 2 and 6. Their presence emphasized the importance of using appropriate nacelle modeling and 
disturbance-theory methods in the evaluation of the nacelle’s contribution to sonic boom, and also 
demonstrated the need for careful nacelle integration to achieve both high aerodynamic efficiency and 
low sonic boom. 

The Mach 3 Concept 

Except for the design Mach number and a pointed cusp-like nose instead of a distinctive “platypus” 
nose, the Mach 3 theory-validation concept and its corresponding wind-tunnel model strongly resembled 
the Mach 2 concept and wind-tunnel model. This specially shaped nose was a feature introduced by the F- 
function modification, reference 5 ,  to the sonic-boom minimization theory described in reference 4. It 
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permitted design flexibility in the trade between sonic-boom shock strength and wave drag penalties on a 
supersonic-cruise aircraft concept. 

A three view of the preliminary design of the Mach 3 concept is shown in figure 7 

Figure 7. Three view of the initial Mach 3 thcory-validation concept. 

Characteristic dimensions and some low-boom mission specifications of the Mach 3 concept are listed 
in Appendix A. Like the Mach 2 concept, the wing area on the initial Mach 3 concept was not limited by 
aerodynamic efficiency, but was sized and shaped to meet low-boom constraints. Later, it was reduced by 
I O  percent so it was closer to the area on the Mach 2 concept. A numerical description of  the resized 
Mach 3 concept, used to design the wind-tunnel model, is given in Appendix C. A three view of this 
resized Mach 3 concept is shown in figure 8. 

Figure 8. Three view of the resized Mach 3 theory-validation concept. 

The wind-tunnel model of the resized Mach 3 concept was similar to the wind-tunne, model oL the 
Mach 2 concept. Both had a stinglbalance integrated with the aft end of the fuselage, well behind the wing 
trailing edge, and the wing/fuselage/nacelle/fin model was twelve inches in length with a cambered and 
twisted wing. The fuselage had a center line coincident with the wing root chord camber line, and four 
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ducted nacelles were mounted under the wing. Although the wing, fuselage, fin, and sting of the wind- 
tunnel model were made of stainless steel, the engine nacelles on this model were made of composite 
materials, like a set made for the Mach 2 model. However, after examining the pressure signatures from 
the Mach 3 model, which was tested first, a set of metal nacelles with sharp inlet lips was built for the 
Mach 2 model. Data from the Mach 2 model with the sharp-lipped metal nacelles was shown in figure 2, 
but there was no time to have a similar set made for the Mach 3 model. So, all of the Mach 3 pressure 
signatures were measured with and without the composite material nacelles. 

A typical measured pressure signature generated by the Mach 3 model with the composite nacelles is 
shown in figure 9. 
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Figure 9. Pressure signature from the Mach 3 model with composite nacelles. M = 2.96, h = 8.5 inches, and model 
was at cruise CL. 

The pressure signature was measured at Mach 2.96, at the cruise CL , and at a separation distance of 
about 8.5 inches. The narrow pressure spike following the nose shock on the pressure signature in figure 2 
was seen in figure 9 as a broad, rounded, and strong pressure disturbance (shock) which lead directly into 
the pressure signature expansion, nacelle exhaust recompression, and tail shock. Like its counterpart on 
the Mach 2 model pressure signature, this large disturbance was produced by the combined volume and 
interference-lift effects from the four composite material engine nacelles. Some of the shock spreading 
was due to Mach number effects, some was due to the blunted lips on the nacelle inlets, and some by 
choked flow within the smaller internal duct. These last two effects were due to the use of composite 
materials rather than metal. 

The large pressure jump at the tail was caused by the strain gauges mounted on the outside of the 
model sting. At a Mach number of 2, strain gauge shocks did not appear on the measured pressure 
signatures until well after the tail shock. However, at Mach 3, the strain gauge disturbances appeared 
much sooner along the pressure signature and partially encroached on the tail shock. 

With the composite material nacelles off, the pressure signature in figure 10 was measured. 
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Figure 10. Pressurc signature from thc Mach 3 model without nacelles. M = 2.96, / I  = 8.5 inchcs, and model was at 
cruise CI . 

As was seen on the Mach 2 model pressure signature in figure 3, the strong pressure disturbance aft of the 
nose shock disappeared with the removal of the nacelles, leaving only small residual contributions from 
the wing-fuselage along the junction from leading to trailing edge. As seen on the pressure signature in 
figure 9, the unusually large pressure jump following the tail shock was due to the shocks off the strain 
gauges mounted on the outside of the model sting. 

A second pressure signature at a Mach number of 2.96 was measured at a separation distance of 12 
inches, and is presented in figure 1 1. 
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Figure 1 1. Pressure signature from the Mach 3 model without nacelles. M = 2.96, h = 12 inches, and model was at 
cruise CL. 

The changes in the forward part of the Mach 3 model pressure signatures seen in figures 10 and 1 1  are 
very similar to the corresponding changes observed on the Mach 2 model pressure signatures seen in 
figures 3 to 5. However, decreases in the magnitudes of the pressure peaks were smaller on the Mach 3 
model pressure signatures because the model-survey probe separation distance increased from 8.5 to 12.0 
inches rather than from 6.0 to 28.0 inches. There is no sign of a ramp in the measured pressures along the 
positive-pressure section of the signature in figure 11. Along the beginning of this section, disturbances 
come mainly from volume and only slightly from lift. Then, as the wing leading-edge sweep markedly 
changes, disturbances from lift appear more strongly. However, the cruise CL was only 0.0442 instead of 
between 0.090 to 0.100, and the wing aspect ratio was 1.54 instead of about 2.0 usually seen on 
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supersonic-cruise concepts. So, the balance between volume and lift disturbances along the front of the 
positive-pressure section of the signature is tipped in favor of volume during these near-field 
measurements of pressure signatures. Volume disturbances attenuate more uniformly in radial directions 
than lift disturbances which are strongly vectored downward. This suggested, but did not definitely verify, 
that the minimization, analysis, and design methods employed to tailor the geometry of these concepts 
and models were as applicable at Mach 3 as they were at Mach 2. However, the area-rule planes were 
inclined at a shallower angle at Mach 3 than at Mach 2, so they influenced wing/fuselage volume and lift 
over longer lengths and made low-boom tailoring somewhat more difficult. Thus, without well- 
documented evidence of measured pressure signatures at separation distances larger than 12 inches and at 
cruise CL values much higher than 0.0442, no strong conclusions can be made about the applicability of 
the low-boom minimization, design, and analysis methods Mach numbers as high as Mach 3. 

Discussion 

Comparisons of theoretical and measured pressure signatures could not be made because the methods 
used to design and tailor the configurations’ geometry and analyze the concepts’ sonic-boom 
characteristics were based on far-field theory, while the wind-tunnel pressure signatures were measured in 
the near-field. However, the shapes of these near-field pressure signatures were very similar to the shape 
of the individual models’ Whitham F-functions calculated from an analysis of the volume and lift 
contributions of the model components. Used guardedly in this context, cautious interpretations had to be 
made of the near-field signatures results so that they could be useful in the evaluation of design methods 
and strategies. Also, the “aging”, i.e. rate of change of the measured signatures’ shape, shock strengths, 
and impulse with increasing distance, was observed and analyzed. Since pressure signatures “age” faster 
in the wind tunnel than in a stratified atmosphere, changes in signature shape with increasing distance 
were useful in judging the merits of a near-field effect hypothesis to explain the changes in the shape of 
the positive portion of the pressure signatures. Again, caution had to be used because of the near-field 
distances in the wind-tunnel tests. 

The measured pressure signatures from the Mach 2 and the Mach 3 wind-tunnel models, with no 
nacelles, were very similar despite the difference in design Mach numbers. Low-boom tailoring of the 
nose and apex section of the wing generated, to a great extent, the desired pressure signature shape at both 
design Mach numbers. This part of the recorded data mirrored the results reported in reference 19. 

The major difference between the results reported in reference 19 and these results was due to the 
ducted nacelles which were part of the design of the two concepts. There were, to be sure, problems in 
low-boom geometry tailoring associated with Mach number, but these were considered secondary in 
importance to the problems caused by the nacelle disturbances. Most of the past SST concepts, and all of 
the existing supersonic-cruise aircraft with capacities of 100 or more passengers, have been designed 
with engines positioned near the trailing edge of the wing. Only a few medium-sized subsonic passenger 
jets have engines located on the aft fuselage, although some supersonic-cruise business jet concepts had 
engines in this location. The measured pressure signatures in this study indicated that the engine nacelles 
mounted in the conventional under-the-wing location on the configurations contributed additional volume 
and interference-lift disturbances to the wing/fuselage/fin(s)-induced sonic-boom disturbances which had 
been held to desired low-boom levels, for the most part, by the application of Seebass and George 
minimization theory. Since difficulties in the low-boom tailoring of the wing/fuselage/fin(s) have been 
found to be aggravated by nacelle locations, new strategies for engine integration needed to be developed 
so that all configuration components could be harmoniously integrated to minimize, or at least reduce, 
sonic-boom noise on the ground. 
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Lift measured with strain gauges on the aft section of the sting to form a balance seemed to be a 
practical and workable idea if it were not for the strong shocks they created. This lift-measuring method 
could be used in the future if the strain gauges were submerged in grooves on the aft sting. By covering 
the strain gauges and their connection wiring with epoxy, and then smoothing their surfaces, the sting’s 
smooth exterior contours could be preserved. 

Concluding Remarks 

Wind-tunnel measurements were made of pressure signatures generated by two models of concepts 
designed with existing 1960’s to 1980’s methodology for predicting sonic-boom characteristics of 
supersonic-crujse aircraft, as well as for designing conceptual aircraft with low-sonic-boom 
characteristics. Results from an analysis of these pressure signatures were used to evaluate and/or validate 
the capabilities of the design codes, the analysis codes, and the methodology. Four conclusions were 
made on the basis of these results: 

(1 ) existing methodology could adequately predict sonic-boom characteristics of wing/fuselage/ fin(s) 
configurations if their individual components’ equivalent area distributions were smooth and continuous; 

(2) minimization theories and methods were capable of guiding the design of the forward sections of 
low-boom concepts and tailoring the equivalent areas of concept components as long as these equivalent 
areas were smooth and continuous; 

t 

(3 )  conventional sonic-boom analysis methods for predicting the influence of engine-nacelle volume 
and nacelle-wing interference lift on the flow field around the aircraft were inadequate and needed to be 
modified: 

(4) conventional methods for integrating engine nacelles onto the wing/fuselage/fin(s) airframe need to 
be modified if the configuration is to generate low-boom pressure signatures on the ground during the 
supersonic-cruise segment of the mission; 

( 5 )  lift-measuring strain gauges need to be submerged below the surface of the sting so they do not 
generate shocks that encroach on the tail shock of the pressure signature. 
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Appendix A 

Descriptions of the Mach 2 and the Mach 3 Low-Boom Concepts 

The Mach 2 and Mach 3 concepts were designed to validate low-boom minimization, analysis, and 
design methodology that had been developed prior to the close of the SCAT and SCAR programs. They 
were to generate ground-level overpressures of about 1 psf while cruising at their respective design Mach 
numbers, beginning-cruise altitudes, and beginning-cruise weights. No attempts were made to size the 
concepts for enhanced mission performance or for optimized weights. The beginning-cruise weight, used 
to calculate sonic boom, was estimated from studies of previous high-technology concepts. Wing 
planform shapes, areas, spans, and dihedrals were selected primarily to match each concept’s equivalent 
area distribution to their respective Seebass and George low-boom equivalent area distribution. Features 
that reduced both sonic boom and aerodynamic drag were kept; those that increased sonic-boom 
overpressures were bypassed even though they may have reduced the aerodynamic drag or the empty 
weight. Therefore, no gross take-off weights, empty weights, fuel weights, etc. are listed in the data 
below. 

This design effort was to be the first of several steps to validate and, where necessary, update low- 
boom technology. Only after these methods had been fully validated, were they to be applied in concert 
with aerodynamic analysis, design, and optimization methods to configure a fully-integrated, mission- 
oriented, low-boom conceptual aircraft. 

Span, ft 

Length, ft 

Wing Lift Legth, ft 

Wing Area, ft’ 

Aspect Ratio, h2/S 

Cruise Altitude, ft 

Beginning Cruise Weight, lb 

Beginning Cruise Wing Loading, psf 

Beginning Cruise CL 

Cruise Mach Number 

Number of Engines 

Ground-Level Overpressure, psf 

Type of Low-Boom Signature Shape, reference 4 

Mach 2 ConceDt 

160.0 

313.0 

300.0 

15,055.0 

I .70 

55,000.0 

550,000.0 

36.5 

0.06803 

2.0 

4 

1 .o 
“Flat-Top: 

Mach 3 Concept 

144.0 

330.0 

300.0 

16,605.0 

1.54 

550,000.0 

550,000.0 

33.1 

0.0442 1 

3.0 

4 

1 .o 
“Ramp” 
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Appendix B 

Numerical Description Of The Mach 2 Low-Boom Concept In Wave-Drag Format Of 
Reference 24; lengths in ft, areas in ft2. 

1 1 - 1  1 1  0 0 1 2 1 7  2 1 9 3 0 1 9  4 2 10 1 10 
15054.8 
0.0 2.5 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0 
70.0 80.0 85.0 90.0 95.0 97.5 100.0 
16.0 6.0 -1.833 265.5 

76.0 12.0 -5.422 207.0 
116.0 16.0 -7.544 168.0 
156.0 20.0 -9.267 129.0 
180.0 24.0 -9.991 106.0 
204.0 29.0 -10.44 83.25 
220.0 34.0 -10.51 68.5 
232.0 39.0 -10.36 57.75 
240.0 44.0 -10.08 51.0 
280.0 76.0 -6.596 19.0 
288.0 80.0 -6.208 12.0 
0.0 .02133 -.0517 -.4270 -1.019 -1.717 -3.151 -4.584 -6.018 -7.452 
-8.885 -10.32 -11.03 -11.61 -11.99 -12.10 -12.17 
0.0 .03748 -.0138 -.3321 -.a533 -1.476 -2.755 -4.034 -5.314 -6.593 
-7.872 -9.151 -9.791 -10.35 -10.73 -10.84 -10.92 
0.0 .OS224 .02976 -.1966 -.5938 -1.076 -2.070 -3.064 -4.057 -5.051 

0.0 .05180 .04480 -.1120 -.4032 -.7616 -1.501 -2.240 -2.979 -3.718 
-4.458 -5.197 -5.566 -5.936 -6.258 -6.373 -6.456 
0.0 .04132 .04031 -.0645 -.2661 -.5160 -1.032 -1.548 -2.064 -2.580 

0.0 .03056 .02981 -.0477 -.1968 -.3816 -.7632 -1.144 -1.526 -1.908 
-2.290 -2.671 -2.862 -3.053 -3.244 -3.335 -3.409 
0.0 .01517 .01054 -.0468 -.1495 -.2747 -.5328 -.7909 -1.049 -1.307 
-1.565 -1.823 -1.952 -2.081 -2.210 -2.275 -2.339 
0.0 .00070 -.0099 -.0582 -.1323 -.2192 -.3973 -.5754 -.7535 -.9316 
-1.110 -1.288 -1.377 -1.466 -1.555 -1.599 -1.644 
0.0 -.0113 -.0272 -.0707 -.1251 -.1848 -.3061 -.4273 -.5486 -.6699 
-.7912 -.9124 -.9731 -1.034 -1.094 -1.125 -1.155 
0.0 - .0204 -.0408 -.0816 -.1224 -.1632 -.2448 -.3264 -.4080 -.4896 
-.5712 -.6528 -.6936 -.7344 -.7752 -.7956 -.a160 
0.0 -.0076 -.0152 -.0304 -.0456 -.0608 e.0912 -.1216 -.1520 -.la24 
-.2120 -.2432 -.2584 -.2736 -.2888 -.2964 -.0304 
0.0 -.0048 -.0096 -.0192 -.0288 -.0384 -.0576 -.0768 -.0960 -.1152 
-.1344 -.1536 -.1632 -.1728 -.la24 -.1872 -.1920 

36.0 8.0 -3.084 246.0 

-6.044 -7.038 -7.535 -8.019 -8.376 -8.497 -8.578 

-3.096 -3.612 -3.870 -4.128 -4.381 - 4 . 4 8 1  -4.558 

0.0 .lo969 .21375 .405 .57375 -72 .945 1.08 1.125 1.08 
.945 .72 .57375 .405 .21375 .lo969 0.0 
0.0 .lo969 -21375 .405  .57375 -72 .945 1.08 1.125 1.08 
.945 .72 .57375 .405 ,21375 .lo969 0.0 
0.0 .lo969 -21375 .405 .57375 .72 .945 1.08 1.125 1.08 
.945 .72 .57375 . 405  .21375 .lo969 0.0 
0.0 .lo969 .21375 .405 .57375 .72 .945 1.08 1.125 1.08 
.945 .32 .57375 . 4 0 5  .21375 .lo969 0.0 
0.0 .lo969 .21375 -405 .57375 .72 .945 1.08 1.125 1.08 
.945 .72 .57375 .405 .21375 -10969 0.0 
0.0 .lo969 .21375 - 4 0 5  .57375 .72 .945 1.08 1.125 1.08 
-945 .72 .57375 . 4 0 5  .21375 .lo969 0.0 
0.0 .11213 .2185 .414 .5865 .736 .966 1.104 1.15 1.104 
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.966 .736 .5865 .414 -2185 .11213 0.0 
0.0 .11456 .22325 .423 .59925 .752 .987 1.128 1.175 1.128 
.987 .752 .59925 .423 -22325 -11456 0.0 
0.0 .1170 .228 .432 -612 .768 1.008 1.152 1.2 1.152 
1.0080 -768 .612 .432 .228 -1170 0.0 
0.0 .11944 .23275 -441 .62475 .784 1.029 1.176 1.225 1.176 
1.029 .784 .62475 .441 .23275 -11944 0.0 
0.0 .11944 -23275 .441 .62475 .784 1.029 1.176 1.225 1.176 
1.0290 .784 -62475 .441 -23275 .11944 0.0 
0.0 -11944 -23275 .441 .62475 .784 1.029 1.176 1.225 1.176 
1.029 .784 -62475 .441 -23275 .11944 0.0 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 
100.0 110.0 120.0 130.0 140.0 150.0 160.0 170.0 180.0 190.0 
200.0 210.0 220.0 230.0 240.0 250.0 260.0 270.0 280.0 290.0 
0.0 -.lo08 -.3776 -.7921 -1.306 -1.881 -2.480 -3.080 -3.680 -4.280 
-4.880 -5.480 -6.080 -6.680 -7.280 -7.880 -8.480 -9.080 -9.680 -10.28 
-10.88 -11.48 -12.08 -12.66 -13.14 -13.52 -13.79 -13.95 -14.00 -13.95 
0.0 7.5169 31.552 51.756 63.780 72.346 79.603 86.071 90.676 95.944 
100.50 105.08 109.78 114.05 118.63 123.92 128.78 132.28 134.91 134.95 
134.89 133.04 128.43 119.77 106.13 87.718 66.938 50.198 36.667 19.092 
290.0 300.0 310.0 313.0 
-13.95 -13.79 -13.52 -13.44 
19.092 4.3458 .13377 0.0 
260.0 12.0 -17.4 
0.0 2 . o  4.0 6.0 8.0 10.0 12.0 22.0 25.25 28.5 
2.55 2.6111 2.6611 2.700 2.7278 2.7444 2.75 2.75 2.65 2.55 
263.0 24.0 -16.8 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 22.0 25.25 28.5 
2.55 2.6111 2.6611 2.700 2.7278 2.7444 2.75 2.75 2.65 2.55 
230.0 0.0 -8.0 56.855 276.0 0.0 10.0 11.9 
0.0 ' 10.0 20 .0  30.0 40.0 50.0 60.0 70.0 80.0 100.0 
0.0 .45 .80 1.05 1.20 1.25 1.20 1.05 -80 0.0 
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Appendix C 

Numerical Description of the Mach 3 Low-Boom Concept in Wave-Drag Format of 
Reference 24; lengths in ft, areas in ft2. 

1 1 -1 1 1 0 0 13 17 2 19 20 19 19 2 10 2 10 
13450.1 
0.0 2.5 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0 
70.0 75.0 80.0 85.0 90.0 95.0 100.0 
54.4 7.2 -0.195 244.8 
83.2 10.8 -1.489 216.0 
112.0 14.4 -2.584 187.0 
140.8 18.0 -3.333 158.4 
169.6 21.6 -3.762 129.6 
198.4 25.2 -4.059 101.7 
227.2 28.8 -4.109 73.80 
241.6 32.4 -3.974 60.3 
248.8 36.0 -3.650 54.0 
278.5 55.8 -1.065 29.25 
287.0 60.65 -0,439 21.96 
296.5 63.50 -0.100 13.175 
310.0 64.8 -0.025 0.0 
0.0 .02380 -.0238 -.2761 -.6426 -1.028 -1.799 -2.570 -3.342 -4.1126 
-4.883 -5.270 -5.655 -6.041 -6.417 -6.699 -6.8666 
0.0 .03720 .01140 -.1788 -.4698 -.7776 -1.393 -2.009 -2.624 -3.240 
-3.856 -4.163 -4.471 -4.779 -5.087 -5.377 -5.573 
0.0 .04037 .02808 -.0112 -.3370 -.5756 -1.053 -1.530 -2.008 -2.485 
-2.963 -3.201 -3.440 -3.678 -3.917 -4.156 -4.3664 
0.0 .03603 .03080 -.0704 -.2376 -.4158 -.7722 -1.129 -1.485 -1.841 
-2.198 -2.376 -2.554 -2.732 -2.911 -3,089 -3.267 
0.0 .02690 .02410 -.0468 -.1652 -.2916 -.5443 -.7970 -1.049 -1.3025 
-1.555 -1.681 -1.808 -1.934 -2.061 -2.187 -2.313 
0.0 .01590 .01271 -.0355 -.1144 -.1983 -.3661 -.5339 -.7017 -.a695 
-1.038 -1.121 -1.205 -1.289 -1.373 -1.457 -1.541 
0 .o .00540 .00082 -.0303 -.0775 -.1273 -.2269 -.3265 -.4262 -.5258 
-.6254 -.6753 -.7250 -.7749 -.a248 -.8745 -.9243 
0.0 -.0025 -.0094 -.0329 -.0633 -.0950 -.1583 -.2216 -.2849 -.3482 
-.4116 -.4432 -.4748 -.5065 -.5382 -.5698 -.6015 
0.0 -.0101 -.0203 -.0405 -.0608 -.0810 -.1215 -.1620 -.2025 -.2430 
-.2835 -.3038 -.3240 -.3443 -.3645 -.3848 -.4050 
0.0 -.0055 -.0110 -.0220 -.0329 -.0438 -.0658 -.0878 -.lo97 -.1316 
-.1535 -.1645 -.1755 -.la65 -.1975 -.2084 -.21938 
0.0 -.0041 - .0080 -.0161 -.0241 -.0322 -.0482 -.0644 -.0805 -.09658 
-.1127 -.1207 -.1288 -.1368 -.1449 -.1529 -.16096 
0.0 -.0024 -.0050 -.0099 -.0148 -.0197 -.0296 -.0395 -.0493 -.05925 
-.0691 -.0741 -.0790 -.0839 -.0888 -.0938 -.0984 
0.0 0.0 0.0 0 . 0  0 . 0  0.0 0 .0  0.0 0 . 0  0.0 
0 . 0  0 .0  0.0 0.0 0.0 0.0 0.0 
0.0 -1219 .2375 - 4 5 0  .6375 .80 1.05 1.20 1.250 1.20 
1.05 .9375 -800 .6375 .450 .2375 0.0 
0.0 .1158 .2256 .4275 .6052 -760 .9975 1.14 1.1875 1.14 
.9975 .8904 .760 -6052 .4275 .2256 0.0 
0.0 .1121 -218 .414 .5865 .736 .966 1.104 1.15 1 . l o 4  
.966 -8625 .736 .5865 -414 -218 0.0 



0.0 .lo97 -2138 .405 .5738 -72 .945 
.945 .8438 -72 .5738 -405 .2138 0.0 
0.0 .lo85 .2114 .4005 .5674 .712 .9345 
.9345 .8344 .7120 .5674 .4005 .2114 0.0 
0.0 .lo73 .2090 .396 .5610 .704 .924 
.924 .825 -704 .561 .396 .209 0 .O 
0.0 .lo97 -2138 .405 .5738 .72 .945 
.945 -8438 .72 .5738 .405 .2138 0.0 
0.0 -1048 .2043 .387 .5483 .688 .903 
.903 -8063 .688 .5483 -38705 .2043 0.0 
0.0 .lo73 .1976 -3744 .5304 .6656 -8736 
.8736 .78 .6656 -5304 .3744 .1976 0.0 
0.0 .0975 .19 .36 .51 .64 .84 
.84 .75 .64 .51 .36 .19 0.0 
0.0 -0975 .19 -36 .51 -64 .84 
-84 .75 .64 .51 .36 .19 0.0 
0.0 .0975 .19 .36 .51 .64 .84 
-84 .75 .64 .51 .36 .19 0.0 
0.0 .0975 .19 .36 .51 .64 .84 
.84 .75 .64 .51 .36 .19 0.0 
0.0 3.0 6.0 9.0 12.0 15.0 20.0 
60.0 70.0 80.0 90.0 100.0 110.0 120.0 
0.0 .10 .20 .30 .40 .50 .70 
-875 .550 -225 -.lo -.45 -.775 -1.1 
0.0 .18095 1.0207 2.7172 5.4739 9.5115 20.428 
164.67 169.25 171.57 171.10 170.64 167.87 163.77 
150.0 160.0 170.0 180.0 190.0 200.0 210.0 
250.0 260.0 270.0 280.0 290.0 300.0 310.0 
-2.075 -2.40 -2.75 -3.05 -3.40 -3.725 -4.05 
-5.30 -5.475 -5.55 -5.55 -5.55 -5.55 -5.55 
145.91.139.77 134.16 128.68 124.69 120.76 118.44 
136.02 141.03 133.96 115.37 87.583 55.947 28.653 
277.0 10.8 -10.752 

1.08 

1.068 

1.056 

1.08 

1.032 

.9984 

.96 

-96 

.96 

-96 

30.0 
130.0 
1.05 

78.540 
158.81 
220.0 
320.0 
-4.375 
-5.55 
117.67 
8.1433 

-1.425 

1.125 1.08 

1.1125 1.068 

1.100 1.056 

1.125 1.08 

1.075 1.032 

1.04 -9984 

1.0 .96 

1.0 .96 

1.0 -96 

1.0 .96 

40.0 50.0 
140.0 150.0 
1.20 1.15 

131.51 153.94 
152.18 145.91 
230.0 240.0 
330.0 
-4.70 -5.05 
-5.55 
120.37 125.88 
0.0 

-1.750 -2.075 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 22.0 28.0 30.5 
2.55 2.6111 2.6611 2.70 2.7278 2.7444 2.75 2.75 2.75 2.75 
277.0 
0.0 
2.55 
257.0 
0.0 
0.0 
257.0 
0.0 
0.0 

18.0 -10.195 
2.0 4.0 6.0 8.0 10.0 
2.6111 2.6611 2.70 2.7278 2.7444 
0.0 1.18 59.314 297.0 0.0 
10.0 20.0 30.0 40.0 50.0 
.45 .80 1.05 1.20 1.25 
0.0 1.18 59.314 316.0 0.0 
10.0 20.0 30.0 40.0 50.0 
45 -80 1.05 1.20 1.25 

12.0 22.0 28.0 30.5 
2.75 2.75 2.75 2.75 
15.449 21.0 
60.0 70.0 80.0 100.0 
1.20 1.05 .80 0.0 
-3.55 0.0 
60.0 70.0 80.0 100.0 
1.20 1.05 .80 0.0 
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